Currently, the compressed tablet and its oral administration is the most popular drug delivery modality in medicine. The accurate porosity and tensile strength characterization of a tablet design is vital for predicting its performance such as disintegration, dissolution, and drug-release efficiency upon administration as well as ensuring its mechanical integrity. In current work, a non-destructive contact ultrasonic approach and an associated testing procedure are presented and employed to quantify and relate the acoustically extracted mechanical properties of pharmaceutical compacts to direct porosity and tensile strength measurements. Based on a comprehensive set of experimental data, it is demonstrated how strongly the acoustic wave propagation is modulated and correlated to the tablet porosity and tensile strength of a compact made using spray-dried lactose and microcrystalline cellulose with varying mixture ratios. The effect of mixing ratio on the porosity and tensile strength on the resulting compacts is quantified and, with the acoustic experimental data, mixing ratio is related to the compact ultrasonic characteristics. The ultrasonic techniques provide a rapid, non-destructive means for evaluating compacts in formulation development and manufacturing. The presented approach and data could find critical applications in continuous tablet manufacturing, its real-time quality monitoring, as well as minimizing batch-to-batch quality variations.
Introduction
The compressed tablet and its oral administration remain the most commonly used method of drug delivery in medicine today. It is well recognized that the performance of a dosage form is closely linked to the physical (mechanical) and chemical properties of all ingredients in the formulation and their processing parameters. A typical tablet can be constituted by excipients (up to 95% by weight of the formulation). The influence of raw material variability on the functionality of excipients during processing and manufacturing has been a subject of several recent studies due to its practical importance and reported cases (Dave et al., 2015; García-Muñoz, 2009; Koynov and Muzzio, 2016; Kushner, 2013) . The production of pharmaceutical excipients uses a series of processing steps aimed at eliminating the natural variability of such materials. Despite such efforts, however, excipient variability is still not uncommon (Hancock and Garcia-Munoz, 2013) .
Many regularly used excipients are available from several different manufacturers, and supply chain considerations make it necessary for a pharmaceutical product to have more than a single source for each raw material, bringing the consequence of variability between suppliers. Excipients are manufactured using batch processes, which may lead to the possibility of batch-to-batch variation in an excipient obtained even from the same manufacturer. A large number of pharmaceutical excipients are derived from natural products, making them susceptible to environmental changes (e.g., seasonal variations and transportation conditions) that affect the end characteristics of the raw materials (Chamarthy et al., 2009; Hancock and Garcia-Munoz, 2013; Landin et al., 1993; Maincent, 1999) .
Bulk (apparent) mass density/porosity and tensile strength (yield strength/point) are important physical-mechanical properties of a tablet that are known to influence the disintegration, dissolution, and drug-release efficiency upon administration. Routine evaluation of these properties during tablet manufacture is essential in ensuring consistency in tablet quality. Currently, these properties are mostly evaluated offline, following the guidelines provided by various pharmacopeias. Most of the pharmacopeial techniques are semi-destructive to the test samples. Moreover, some of these techniques may lack specificity and resolution. In the past two decades, an emphasis has been placed on continuous manufacturing and online (real-time) monitoring of the tablet properties and integrity. These past few years have also observed and a significant increase in the development of efficient, material-sparing, and non-destructive techniques for the evaluation of tablet properties (Fevotte et al., 2014) . Such techniques include, near infrared spectroscopy (NIR), Raman spectroscopy, X-ray microtomography, nuclear magnetic resonance imaging (NMRI), terahertz pulsed imaging, laser-induced breakdown spectroscopy (LIBS), and thermal techniques. Each of these techniques is associated with its specific advantages and drawbacks (Dave et al., 2017) .
Our laboratory has previously introduced and reported a set of a non-invasive, acoustics-based techniques for the characterization of tablet properties (Akseli et al., 2009a,b; Liu and Cetinkaya, 2010; Varghese and Cetinkaya, 2007; Smith et al., 2011; Vahdat et al., 2013) . The approach is based on the principle that the speeds of pressure and shear waves propagating in a medium depend on its elasticity (stiffness), and inertia (mass density) as well as its micro-granular structure. In typical solid dosage forms, "hardness", porosity and mechanical strength (tensile strength) are closely correlated with its viscoelastic properties. Moreover, material texture (e.g., grain size and grain-tograin mechanical coupling) and viscoelasticity affects the spectral dispersion of a composite compact material. Relating an experimentally acquired spectral dispersion relation to a visco-elastic material model with scattering effects, the mechanical (e.g., elasticity, mass density, and viscoelasticity) and geometric (e.g., grain size distribution and inter-granular elastic stiffness) properties (Smith et al., 2011; Vahdat et al., 2013) can be extracted.
The dwell time of a typical commercial compaction press is on a millisecond scale ranging from ∼5ms to over 80 ms while the acoustic pulse method of acquiring the Time-of-Flight (ToF) is on the microsecond (μs) scale Leskinen et al., 2010) thus allowing many acquisitions during a single compaction event (real-time in-die monitoring). It has been previously established that, by utilizing a non-destructive off-line acoustic pulse-echo method Liu et al., 2011; Liu and Cetinkaya, 2010; Smith et al., 2011) , the mechanical properties of tablets with complex geometries such as dry-coated and layered tablets can be characterized. It was also shown that not only can in-die measurements be made, but they can be done wirelessly and also in-line (out-of-die post compaction), resulting in comparative differentiation in solid dosage mechanical properties (Stephens et al., 2013a (Stephens et al., ,b, 2012 . Extracting material properties from the temporal, spectral and dispersive properties of propagating elastic (ultrasonic/acoustic) waves is a desirable approach due to its fast temporal responsiveness, non-destructive/non-invasive nature, potential in real-time in-die monitoring, as well as its relatively low equipment and operational cost. This initial research suggests that an in-die real-time monitoring system is plausible and within the capacity of current acoustic techniques and the availability of off-the-shelve hardware.
The issues with the quality and integrity of manufactured pharmaceutical products are a leading cause in the global drug supply shortages (accounting for 66% of shortages) (CDER, 2014) . Proposed actions and remedies for these shortages are currently drafted by the Office of Pharmaceutical Quality (OPQ), formed in 2015, within the Food and Drug Administration's (FDA) Center for Drug Evaluation and Research (CDER); with an emphasis on better process control and monitoring by improving monitoring metrics, techniques, fundamental process knowledge, and implementing modern quality control regiments (OPQ, 2015) . These proposed rules and regulations could be viewed as a continuation of previous quality guidance efforts such as Scale-Up and Post-Approval Changes (SUPAC), Process Analytical Technology (PAT), and Quality by Design (QbD), which are adopted/ co-developed by the European Medicines Agency (EMA) of the European Union (EU), and also observed by the Pharmaceuticals and Medical Devices Agency (PMDA) of Japan; continuing the same intent of reducing deficiency in pharmaceutical drug development and manufacture quality (Lawrence, 2008) .
In current work, a non-destructive contact ultrasonic method was employed to quantify and correlate acoustically extracted mechanical properties in pharmaceutical compacts to direct measurements. This approach has some key practical applications in real-time process monitoring in tablet continuous manufacturing. Apart from the fact that the technique is sample-sparing, unlike other non-invasive techniques such as NIR, evaluation of tablet mechanical properties by ultrasonic method requires no calibration models development. The ultrasonic technique directly measures the physical (mechanical) properties of prepared compacts. Moreover, due to extremely rapid data acquisition durations (i.e. µs scale), the technique is amenable to continuous online real-time monitoring of tablet properties during tablet manufacture on a high-speed equipment. The current study is an attempt to establish a high degree of correlation between the tablet properties obtained from direct measurements and the acoustically extracted parameters.
Materials and methods

Preparation of powder mixes and powder materials
Spray-dried Lactose monohydrate, NF (Foremost™ Fast Flo® Lactose 316) was obtained from Kerry Inc. (Beloit, Wisconsin, USA). Microcrystalline Cellulose, NF, Ph. Eur., JP (Avicel® PH 102) was obtained from FMC BioPolymer (Newark, Delaware, USA). Binary mixes of microcrystalline cellulose (MCC) and lactose monohydrate (LAC) were prepared with the weight percentage ratios of 100:0, 75:25, 50:50, 25:75 and 0:100 (MCC:LAC). MCC and LAC were first de-clumped by independently passing through a sieve with mesh # 40. The powders were then charged in a twin-shell blender (V-blender, Patterson-Kelley Company, East Stroudsburg, Pennsylvania, USA) without the use of intensifier bar, and blended at 20 RPM (rotational per minute) for a period of five minutes. Magnesium Stearate was added as a lubricant to this blend after passing through a sieve with mesh # 40, and further blended for two minutes. After the completion of blending, the blended powders were double-bagged, sealed and stored at room temperature (23°C) for four weeks until utilized for the reported experiments.
Tablet manufacturing
The tablets (compacts) of the blends were prepared on an instrumented, 10-station, single-layer, rotary tablet press (Piccola B-506, SMI Inc., Lebanon, New Jersey, USA) using 10 mm, flat-faced, "B" tooling (SMI Inc., Lebanon, New Jersey, USA). The target compact weight was set at 500 mg. The compacts were prepared at a constant tableting speed of 20 RPM. The compacts were prepared at six levels of compaction pressures (P c ), i.e. 12. 74, 25.48, 50.96, 63.69, 76.43, and 89.17 MPa. The tableting speed and the compaction pressures were monitored live using the real-time display from the accompanying proprietary software (the Director, SMI Inc., Lebanon, New Jersey, USA). The true densities of the samples (binary mixes) were measured using a helium displacement pycnometer (AccuPyc 1340, Micromeretics, Norcross, Georgia, USA) using the method specified in the USP (United States Pharmacopeia) 38 -NF 33, general chapter 〈699〉 on the density of solids. The true densities of neat materials as well as the binary mixes were measured in triplicate after the materials were equilibrated in a desiccator for at least 24 h.
Tablet sample sets
In the reported experiments, five sample sets of cylindrical compacts (referred hereafter to as AL100-0, AL75-25, AL50-50, AL25-75, and AL0-100, respectively) made of MCC and LAC with the five (percentage) weight mixing ratios of 100:0, 75:25, 50:50, 25:75 and 0:100 were employed (Table 1 ). For each sample set, six data sets (for the compaction pressure levels of P c = 12. 74, 25.48, 50.96, 63.69, 76.43, and 89.17 MPa, respectively) are acquired and reported in Table 1 . For each data set, 12 compacts were utilized. The total number of compacts in the study was 360. In Table 1 , the tablet masses measured by a digital scale (A120S-L, Mettler-Toledo Inc., Columbus, Ohio, USA) with an error range of ± 50 × 10 −6 g, geometric dimensions measured by digital calipers (CD-6 in CS Absolute Digimatic Caliper, Mitutoyo Inc., Aurora, Illinois, USA) with an error range of ± 5 × 10 −6 m (Mitutoyo Model CD-6, Aurora, Illinois, USA) are reported.
Tablet evaluation
The volume of a cylindrical tablet V with a radius of r and a thickness of h was calculated by = V πr h 2 . The mass porosity (ϕ m ) of the prepared tablets in percentage (%) was calculated using the bulk density of the compacts and true densities of the formulation and is defined by:
where ρ b is the bulk density of the tablet and ρ t is the true density of the porous material. The weight variation of the prepared compacts was evaluated using the method specified in USP 38 -NF 33, general chapter 〈905〉 on the uniformity of dosage units. A set of tablets (n = 12) were randomly selected from each batch, and individually weighed on an electronic balance, and the weight recorded.
The breaking force (diametrical crushing strength) of the prepared compacts was tested using the method specified in USP38 -NF33, General Chapter Prospectus: Tablet Breaking Force 〈1217〉. Briefly, ten randomly selected tablets from each batch were tested using an automatic hardness tester (VK200, Varian, Inc., Cary, North Carolina, USA). The compact breaking force is recorded in kP (kiloponds) and further converted to tensile fracture strength (force/tablet cross-sectional area) in MPa units. In Table 2 , the average tensile strengths σ b m and porosities ϕ m of the tablets in the sample sets are reported.
Ultrasound measurements
In the reported experiments, an ultrasonic experimental set-up based on an existing testing instrument (ATT2020, Pharmacoustics Technologies, LLC, Potsdam, New York, USA) was developed and employed. The ATT instrument is a computer-controlled ultrasonic waveform acquisition and analysis system consisting of transducers, delaylines, load monitoring system, a pulser/receiver board, and a tablet centering apparatus as well as a graphical user interface based on LabVIEW (LabVIEW 15, National Instruments Corp., Austin, Texas, USA) for convenient waveform acquisition and ToF analysis ( Fig. 1.a) . The ultrasonic instrument can operate both in pulse-echo (reflection) and pitch-catch (transmission) ultrasonic modes for pressure and shear waves (Krautkrämer and Krautkrämer, 2013) . The reported experimental set-up (operating in pitch-catch mode) was utilized to acquire the ultrasonic responses for the characterization of the mechanical properties (both at macro and micro-scales) of the tablet materials.
In the reported experiments, the set-up consisted of two pressure transducers (AT024, Valpey Fisher, Hopkinton, Massachusetts, USA) with a central frequency of 2.25 MHz, two shear transducers (E1574, Valpey Fisher, Hopkinton, Massachusetts, USA) with a central frequency of 1 MHz, as well as the ATT ultrasonic instrument operated in pitch-catch mode. Both pressure and shear data were acquired for characterizing the mechanical properties of the tablets. In the reported pressure and shear experiments, the pulser/receiver parameters were set at a pulse width of 200 ns, pulser voltage of 200 V, a sampling rate of 100 MHz (corresponding to a time resolution of 10 ns), an amplification gain of 0 dB, and an averaging (oversampling) rate of 512. In the pressure set-up (left apparatus in Fig. 1 .a), Transducer 1 was coupled with the delay-line and screwed into the upper transducer holder. The function of the delay-line was to separate the initial ultrasonic pulse (main bang) generated by Transducer 1 from the interface reflections in the sample. Transducer 2 was directly screwed into the bottom transducer/sample holder. The transducer/sample holder apparatus was used to hold the sample while acquiring waveform and to allow two transducers move respect to each other. The tablet centering apparatus mounted on the transducer/sample holder was used to accurately/ repeatably center and hold the tablets in place while acquiring acoustic waveform data. The three-point structure-leveling platform was used to support the transducer/sample holder and calibrate the system. By parallelizing the holder platforms housing the transducers using adjustment knobs of the ATT2020 instrument, the contact between the transducer and tablet interface is maximized for acquiring high quality waveforms. The load cells are mounted at the bottom platform of the set up and a liquid crystal display (LCD) of the signal-conditioning unit was used to read and monitor the applied axial load during waveform acquisition. In experiments, the applied load was maintained at 1500 ± 10 g for ensuring repeatable transmission contact between the sample and the surfaces of the delay-line and transducer by flattening asperities which are approximated to be on the order of 10-100 μm from the particle size distribution in excipient powders. Compared to the compaction pressure levels (P c = 12.74-89.17 MPa) , the exerted axial force levels (on the order of few N) during acoustic experiments are low, thus no effect on microstructure of the sample interiors is anticipated. The applied load can be read, saved and displayed on the LCD and/or the LabVIEW graphical user interface of the ATT2020 instrument. In the shear set-up (right apparatus in Fig. 1.a) , the apparatus with a pair of shear transducers have the same configurations as the pressure set-up. An ultrasonic shear gel (54-T04, Sonotech, Glenview, Illinois, USA) was used for increasing acoustic transmission between the sample and the surfaces of the delay-line and transducer in the shear test.
In both pressure and shear pitch-catch transmission experiments, a tablet was placed on the bottom sample/transducer holder such that the bottom surface of the sample contacted with the Transducer 2 properly. The parallelism of the transducer faces was verified with a light source (BRSLEDPEN-B, Rayovac, Madison, WI, USA). The tablet was centered and fixed by the tablet centering apparatus during experiments. Transducer 1 assembled with delay-line was vertically placed in contact with the top surface of the tablet by manually lowering the upper transducer holder and exerting a constant axial force during measurements. An electrical pulse generated by the ultrasonic instrument first excites the top transducer, Transducer 1. The acoustic pulse transmitted through the delay-line and the sample placed on the bare surface of the bottom transducer, Transducer 2, is eventually received by the active element of Transducer 2. The received pulse containing the ToF information was acquired, digitized, signal-processed and saved as a digital waveform data file via the ATT2020 GUI interface.
Results and discussions
A set of pressure and shear waveforms acquired for a sample AL50-50 tablet at each compaction pressure (P c ) level are depicted in Fig. 1 .bc. In Fig. 1 .b, the arrival of pressure waves shortens with P c up to P c = 50.96 MPa, which indicates that stiffness increase dominates mass density (inertia) increase due to compaction in this range of P c . Above P c = 50.96 MPa, stiffness increase and mass compaction are of similar order of magnitude as the wave arrival changes to less extent. In Fig. 1 .c, a similar trend is observed for shear waves as well. The acquired pressure and shear waveforms are processed to obtain the pressure and shear ToF (Δt L and Δt T ) determined by two time-frequency techniques, namely, the STFT (short-term Fourier Transform) or Gabor wavelet transform. A time-frequency technique is adopted when a wave propagation medium is dispersive, which requires the arrival time of wave energy at a particular frequency rather than wave amplitude of arriving waves (Drai et al., 2002) . The ToF (Δt L and Δt T ) in the sample set are the time interval from the time locations of the peaks of delayline (t 1peak ) and tablet (t 2peak ), i.e., in Fig. 1 = 6.93, 4.94, 4.02, 3.61, 3.57 and 3.59µsec , and Δt L = t 2peak -t 1peak = 4.59, 2.61, 1.68, 1.25, 1.22 and 1.23 µsec, respectively, in Fig. 1 .c, for Shear_AL50-50_12.74 MPa to 89.17 MPa, t 1peak = 13.18, 13.17, 13.18, 13.17, 13.18 and 13.17 µsec, t 2peak = 20. 51, 16.86, 15.75, 15.10, 15.11 and 15 .08 µsec, and Δt T = t 2peak . − t 1peak = 7.33, 3.69, 2.57, 1.93, 1.93 and 1.91 µsec, respectively. The corresponding average pressure (c L ) and shear (c T ) wave velocities in a tablet with a thickness of h are determined by
where h is also the one-way wave travel distance in a tablet. The apparent Young's modulus is determined by E A = c L 2 × ρ A where ρ A is the apparent mass density of the samples. The Poisson's ratio is determined by
where = κ c c / L T is the ratio of pressure to shear wave speeds. The measured average sample tablet thickness (h) and diameter (d), mass (m) and apparent density (ρ A ), corresponding pressure and shear wave velocities (c L and c T ), Poisson's ratio (ν) and apparent Young's modulus (E A ) are summarized in Tables 1 and 3 for the sample set. The average tensile strengths σ b m and porosity ratios ϕ m of the tablets in the sample sets in Table 2 , are correlated to the acoustic data presented in Table 3 . From the acquired pressure and shear waveforms of the tablets (Fig. 1.b-c) , the reflections (peak) of the tablet samples shift to the left with the increase in the compaction pressure (P c ) (implying a decrease in ToF). Note that this shifting trend is evident from P c = 12.74 to 50.96 MPa, and decreased from P c = 63.69 to 89.17 MPa, i.e. the pressure and shear ToF values decrease. The sample pressure wave ToF values for the tablet data set AL50-50 were obtained as Δt L = 4.59, 2.61, 1.68, 1.25, 1.22 and 1.23 µsec for varying P c level, respectively 
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( Fig. 1.b-c) . The shear wave ToF values were also determined as Δt T = 7.33, 3.69, 2.57, 1.93, 1.93 and 1.91 µsec for each P c , respectively. It clearly indicates the ToF is sensitive to the change in the compaction pressure (P c ).
From Tables 1 and 3 , it was also observed that the apparent density (ρ A ), pressure (c L ) and shear (c T ) wave speeds and apparent Young's moduli (E A ) of the sample materials increase with the increasing compaction pressure (in the sample set AL50-50, c L = 819. 86, 1210.08, 1669.48, 2151.01, 2250.90 and 2278.63 m/s, c T = 507.82, 835.53, 1092.02, 1387.51, 1378.23 and 1402 .95 m/s, and E A = 0.63, 1.78, 3.61, 6.34, 6.63 and 6.89 GPa, respectively) .
Superimposed plots for c L , c T , E A and ν for each sample set as a function of the compaction pressure P c are presented in Fig. 2 . It is observed that the c L , c T , and E A curves for AL100-0 are the highest and monotonically increased. However, with the introduction of LAC (spray-dried Lactose monohydrate) into the excipient mixtures (namely, AL75-25, AL50-50, AL25-75 and AL0-100), the c L , c T , and E A curves exhibit points of inflexion around P c = 50 MPa, indicating the increase in mass density dominates the increase in elastic and shear moduli after this level of P c .
No particular trend was observed in the plot of ν (Fig. 2.d) . As evident from the slope of the ν-κ curve in Eq. (3), at low porosity levels, the sensitive of ν to = κ c c / L T ratio increases and inaccuracy in the ToF measurements leads to substantial errors in determining low values of ν (usually below ν = 0.1). The accuracy of κ determination can be enhanced by using transducers with higher central frequencies to increase temporal resolution and advanced time-frequency signal processing techniques based on the analysis of frequency-wavenumber dispersion relations.
Mechanical property analysis of the sample compacts
The mechanical performance of the prepared compacts was analyzed using the commonly employed relationships, i.e. compressibility and tabletability. Compressibility is defined as the ability of a material to undergo a reduction in volume as a result of an applied pressure (Joiris et al., 1998; Sun and Grant, 2001) . In other words, it is the extent to which a powder bed undergoes a volume reduction under axial pressure in a confined space. It is represented by a plot of the calculated compact porosity versus compression pressure (P c /A T ) (A T is the area of the tablet). Tabletability has been defined earlier as the capacity of a powdered material to be transformed into a tablet of given strength under the effect of compression pressure and is generally represented by a plot of compaction pressure (P c ) versus the tablet tensile strength (σ b m ) (am Ende et al., 2007; Joiris et al., 1998; Sun and Grant, 2001 ). The compressibility profiles of pure Avicel® PH102 (MCC), pure lactose, and their binary mixtures of are shown in Fig. 3 .a. In general, for both materials (MCC and LAC), the compact porosity decreased in a nonlinear manner with an increase in compaction pressure. Beyond P c = 50.96 MPa, this decrease in porosity was less pronounced. While both materials showed volume reduction to a similar extent, a closer observation of the compressibility profiles shows, as expected, that pure lactose exhibited slightly better volume reduction than pure MCC. The binary mixtures exhibited compressibility profiles according to the weight ratio of the mixture components. The viscoelastic properties of MCC and LAC are known to be different. Thus, these observations are consistent with the fact that lactose is known to deform via brittle fracture, whereas MCC is a plastically deforming material. The tabletability profiles of pure MCC, pure lactose, and their binary mixtures are shown in Fig. 3 .b. Similar to that observed with compressibility, both materials, i.e. MCC and LAC showed a nonlinear increase in the compact tensile strength σ b m with increasing compaction pressures P c . Due to its plastically deforming behavior, MCC showed higher tabletability profile, i.e. compact tensile strength σ b m at a given compaction pressure P c , compared to that of lactose. The binary mixes of both materials exhibited tabletability profiles in accordance with the weight ratio of the mixture components. These observations regarding the compressibility and tabletability of MCC and LAC are consistent with the findings reported earlier (Dave et al., 2013) .
Correlation of the tensile strength σ b m with c L , c T , and E A
In order to ascertain the reliability and predictability of ultrasonic technique in measuring the physical-mechanical properties of the prepared tablets, correlations between the measured properties prepared compacts and the acoustic parameters obtained from the temporal response waveform set for each sample were established. In Fig. 4 .a, the correlations between the tensile strengths of tablets (σ b m ) prepared from pure MCC, pure LAC and their binary mixes at various compaction pressures and the pressure velocity (c L ) are depicted. It is observed that for a given sample (binary mix), the pressure velocity c L appeared to linearly increase with increasing the tablet tensile strengths. The calculated degree of correlation, i.e. R 2 was observed to be > 95% for all of the tested samples. Pure LAC (AL0-100) exhibited a significantly higher c L values for a given tensile strength, compared to pure MCC (AL100-0). Moreover, c L also appeared to be distinct and separated for each set of formulation (binary mix) and appeared to reflect the relative ratio of their composition (Fig. 4.a) .
In Fig. 4 .b, the correlation values between the tensile strengths of tablets (σ b m ) prepared from pure MCC (AL0-100), pure LAC (AL100-0) and their binary mixes at various compaction pressures and the shear velocity (c T ), digitally extracted from the waveform are included. Similar to the observations made with the pressure velocity (c L ), the shear velocity c T was found to linearly increase with increasing the tablet tensile strength σ b m . For each set of samples, a high degree of correlation (R 2 > 96%) was observed between the tensile strength σ b m of tablets and the extracted acoustic parameter c T . As noted for c L , the pure LAC samples (AL0-100) showed significantly higher values of c T at a given tensile strength σ b m , compared to that observed with the pure MCC samples (AL100-0). Moreover, the c T values of the binary mixes of LAC and MCC were found to be distinct and well-separated and reflected the relative ratio of their composition (Fig. 4.b) . The established correlations between the tensile strengths of tablets (σ b m ) prepared using pure LAC (AL0-100) and pure MCC (AL100-0), their binary mixes at various compaction pressures, and the apperant Young's modulus (E A ) calculated using the acoustically obtained parameters are shown in Fig. 4 .c. The E A values of the tested samples were found to linearly correlate with the measured tablet tensile strengths (σ b m ). In general, the E A values appeared to increase with increasing tensile strength. A high degree of correlation was observed between E A and σ b m for the tested samples, and calculated R 2 ranged between 96 and 99%. Moreover, pure LAC (AL0-100) exhibited a significantly higher E A , compared to that of pure MCC (AL100-0). The E A values for the binary mixes of MCC and LAC were observed to be between those of pure MCC (AL100-0) and pure LAC (AL0-100), and in accordance with the ratio of their composition (Fig. 4.c) . In summary, the reported observations and results quantify the sensitivity and correlation of the extracted mechanical properties (c L , c T , and E A ) with the tensile strength (σ b m ) of the compressed tablets, which is often utilized as a key, experimentally quantifiable physical property benchmark.
3.3. Correlation of tablet porosity ϕ m with c L , c T , and E A Tablet porosity ϕ m has been previously reported to correlate with tablet tensile strength (σ b m ) (Dave et al. 2013) . Thus, in addition to correlating the tensile strengths of the sample tablets with the acoustically derived parameters, we also attempted to directly correlate the approximated porosity of the tablets with the similar acoustic parameters, i.e. c L , c T , and E A . Such direct correlations have practical consequences in tablet quality control and monitoring, as the technology to make acoustic measurements quickly is currently available. The correlations between the measured porosities of tablets (ϕ m )
prepared from pure MCC (AL100-0), pure LAC (AL0-100) or their binary mixes at various compaction pressures (P c ) and the pressure velocity (c L ), digitally extracted from the waveform are depicted in Fig. 5 .a. A linear correlation was established between the measured tablet porosity ϕ m and c L for each sample set of the reported study. The degree of correlation (R 2 ) between individual sample set ranged between 90 and 99%. Unlike the correlations observed between the tablet tensile strength (σ b m ) and c L , however, the trend lines of c L were not distinct or separated for the tablets prepared from neat materials or their binary mixes, namely it is found that the pressure velocity (c L ) at a given tablet porosity (ϕ m ) appeared to overlap between different sample sets, particularly for tablets at ϕ m between 15 and 25%
( Fig. 5.a) .
In Fig. 5 .b, the correlations between the measured porosities of tablets (ϕ m ) prepared from pure MCC (AL100-0), pure LAC (AL0-100) or their binary mixes at various compaction pressures (P c ) and the shear velocity (c T ), digitally extracted from the waveform are included. Similar to the observations with pressure velocity (c L ), for the reported sample sets (AL100-0, AL75-25, AL50-50, AL25-75 and AL0-100), the shear velocity (c T ) was found to linearly decrease with decreasing tablet porosity ϕ m . For each set of samples, a high degree of correlation (R 2 > 95%) was observed between porosity levels ϕ m of tablets and the extracted acoustic parameter c T . Moreover, similar to the observations above (Fig. 5.a) , the shear velocity (c T ) at a given porosity appeared to overlap between different sample sets (AL100-0, AL75-25, AL50-50 and AL25-75), particularly, for tablets at porosities between 15 and 25%. The trend lines of c T for tablets prepared from neat materials or their binary mixes were not found to be distinct or separated. The correlations between the porosities of tablets (ϕ m ) prepared using pure MCC (AL100-0), pure LAC (AL0-100), or their binary mixes at various compaction pressures (P c ), and the Young's modulus (E A ) calculated using the acoustically obtained parameters are shown in Fig. 5. c. An exponential correlation was established between the measured tablet porosity ϕ m and E A for each sample set of the reported study. As expected, the estimated E A values of the tested samples were found to linearly correlate with the measured tablet porosities (ϕ m ). In general, the E A values (Table. 3) appeared to decrease with decreasing tensile strength. A high degree of correlation was observed between E A and porosity ϕ m for the tested samples (Fig. 5 .c) and calculated R 2 ranged between 96 and 99%. The trend lines of E A for tablets with different composition were found to overlap for tablets at porosities between 15 and 25%.
Conclusions and remarks
An acoustic ultrasound experimental approach is employed and reported to evaluate the relationship between the ultrasonic responses (a) (b) Fig. 3 . Relationship between the compaction pressure (P c ) and the directly measured properties: (a) porosity ratio (ϕ m ) and (b) tensile strength (σ b m ) for the five sample sets.
of pharmaceutical solid dosages to the two key manufacturing parameters, mixing ratios (MCC:LAC) in the range of 100:0 -0:100 and compaction pressures P c , in the range of 12.74-89.17 MPa). The analysis of experimental data correlating the acoustic experimental (pressure velocity (c L ), shear velocity (c T ) and apparent Young's modulus (E A )) and resulting physical properties (compact porosity (ϕ m ) and tensile strengths (σ b m ) are also reported. The reported approach can be employed to determine both porosity and the tensile strength of the tablet from acoustic measurements in a non-destructive, rapid manner. Based on the Time-of-Flight (ToF) (Δt L and Δt T ) results of pressure (longitudinal) and shear (transverse) wave propagation in the tablet data sets, the apparent Young's modulus (E A ) and Poisson's ratios (ν) of the tablet materials were extracted and reported. It was noted that the apparent Young's moduli (E A ) of the samples (for varying mixing ratios (MCC:LAC) in the range of 100:0 -0:100) increase with the increase in the compaction pressure P c , and plateau after a critical compaction pressure level, concluding that the mechanical properties (c L , c T and E A ) of the tablets correlate with the compaction pressure (P c ).
Experimentally obtained c L , c T and extracted E A for each compaction pressure level decrease with the decreasing material ratio of Avicel (MCC) from 100% to 25% (from AL100-0 to AL25-75).
In all the reported data sets (AL100-0 to AL25-75), E A and porosity ratio (ϕ m ) are inversely correlated, whereas E A and tensile strength (σ b m )
are linearly (directly) correlated. It was found that Poisson's ratio (ν) was not in correlation with porosity ratio ϕ m or tensile strength (σ b m ) due to the inaccuracies associated with the measurement precision of pressure and shear wave speeds using the energy methods (STFT and Wavelet transforms). The current study presents a non-invasive, practical, and easy-to-use approach for characterizing the physical-mechanical properties of pharmaceutical tablets. This time-and material-sparing approach can have potential applications at various stages of tablet product development and research. For example, during pre-formulation and formulation stages, the physical-mechanical characterization of neat materials, as well as complex formulations, is a critical step. Using acoustic technique as a non-invasive approach for characterization can assist in optimizing the formulation and process variables with minimal material loss. During manufacturing, this technique can further minimize the time required for product quality checks. Additionally, the technique is amenable to in-line analysis of product quality, further saving time and material during manufacturing and process optimization. In sum, this approach potentially complements the USFDA's QbD-PAT paradigm recommended for tablet product development and approval.
